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Abstract. We investigate projected 2000–2050 changes in
concentrations of aerosols in China and the associated trans-
boundary aerosol transport by using the chemical transport
model GEOS-Chem driven by the Goddard Institute for
Space Studies (GISS) general circulation model (GCM) 3 at
4◦× 5◦ resolution. Future changes in climate and emissions
projected by the IPCC A1B scenario are imposed separately
and together through sensitivity simulations. Accounting for
sulfate, nitrate, ammonium, black carbon (BC), and organic
carbon (OC) aerosols, concentrations of individual aerosol
species change by −1.5 to +0.8 µg m−3, and PM2.5 levels
are projected to change by about 10–20 % in eastern China
as a result of 2000–2050 change in climate alone. With fu-
ture changes in anthropogenic emissions alone, concentra-
tions of sulfate, BC, and OC are simulated to decrease be-
cause of assumed reductions in emissions, and those of ni-
trate are predicted to increase because of higher NOx emis-
sions combined with decreases in sulfate. The net result is a
predicted reduction of seasonal mean PM2.5 concentrations
in eastern China by 1–8 µg m−3 (or 10–40 %) over 2000–
2050. It is noted that current emission inventories for BC and
OC over China are judged to be inadequate at present. Trans-
boundary fluxes of different aerosol species show different
sensitivities to future changes in climate and emissions. The
annual outflow of PM2.5 from eastern China to the west-
ern Pacific is estimated to change by −7.0 %, −0.7 %, and
−9.0 % over 2000–2050 owing to climate change alone,
changes in emissions alone, and changes in both climate
and emissions, respectively. The fluxes of nitrate and am-
monium aerosols from Europe and Central Asia into west-
ern China increase over 2000–2050 in response to projected
changes in emissions, leading to a 10.5 % increase in an-
nual inflow of PM2.5 to western China with future changes
in both emissions and climate. Fluxes of BC and OC from
South Asia to China in spring contribute a large fraction
of the annual inflow of PM2.5. The annual inflow of PM2.5
from South Asia and Southeast Asia to China is estimated to
change by−8 %,+281 %, and+227 % over 2000–2050 ow-
ing to climate change alone, changes in emissions alone, and
changes in both climate and emissions, respectively. While
the 4◦× 5◦ spatial resolution is a limitation of the present
study, the direction of predicted changes in aerosol levels and
transboundary fluxes still provides valuable insight into fu-
ture air quality.
Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction
Aerosols are important air pollutants that lead to negative
health impacts, reductions in visibility, and changes in cli-
mate (Intergovernmental Panel on Climate Change (IPCC),
2007). Concentrations of major atmospheric aerosol species
(sulfate, nitrate, ammonium, black carbon, organic carbon,
and mineral dust) are especially high in China (Matsui et
al., 2009; Tie and Cao, 2010; Qu et al., 2010; Cao et al.,
2012), driven by a combination of direct and precursor emis-
sions (Streets et al., 2003) and regional meteorological con-
ditions (Zhang et al., 2010a; Zhu et al., 2012). Estimating fu-
ture aerosol levels in China is essential in considerations of
air quality both over China itself and in the Northern Hemi-
sphere.
In the absence of changes in emissions of primary
aerosols as well as aerosol precursors, climate change itself
will influence future aerosol levels. For example, coupled
climate–chemical transport modeling studies show that cli-
mate change alone can lead to increased surface ozone in
anthropogenically impacted regions by 1–10 ppbv in sum-
mertime over the coming decades, based on the IPCC fu-
ture scenarios (Jacob and Winner, 2009). This increase is a
result of slower transport, enhanced biogenic hydrocarbon
emissions, and accelerated decomposition of peroxyacetyl
nitrate (PAN) at higher temperatures (Hogrefe et al., 2004;
Liao et al., 2006; Murazaki and Hess, 2006; Steiner et al.,
2006; Racherla and Adams, 2008; Wu et al., 2008; Jacob and
Winner, 2009; Andersson and Engardt, 2010; Chang et al.,
2010; Lam et al., 2011; Katragkou et al., 2011; Langner et
al., 2012; Reuten et al., 2012; Wang et al., 2013a). A warmer
future climate is also predicted to influence aerosol levels
over the United States and Europe by as much as 1 µg m−3
through altered concentrations of atmospheric oxidants, by
changed precipitation and boundary layer height, and by
shifting gas-particle equilibria (Liao et al., 2006; Unger et
al., 2006; Bauer et al., 2007; Jacob and Winner, 2009; Pye
et al., 2009; Day and Pandis, 2011; Lam et al., 2011; Tai et
al., 2012a, b; Juda-Rezler et al., 2012). Because of the enor-
mous importance of China as a source of aerosols, a study
that addresses how aerosol levels in China may change over
the coming decades is called for.
Another issue that is associated with the aerosol levels in
China is the future transboundary aerosol transport. A num-
ber of observational and modeling analyses have demon-
strated the importance of present-day long-range transport
of aerosols from East Asia. Surface observations at island
sites (Huebert et al., 2001; Prospero et al., 2003) and air-
craft observations in Asian outflow over the Northwest Pa-
cific (Jordan et al., 2003; Maxwell-Meier et al., 2004) and the
Northeast Pacific (Clarke et al., 2001; Price et al., 2003) have
documented the spring maximum in transpacific transport.
By using the global atmospheric chemical transport model
GEOS-Chem, Park et al. (2003) predicted that transpacific
transport contributes about 10 % of the annual mean natural
background surface-layer concentrations of black carbon
over the United States. By using satellite measurements
of aerosol optical depth over the North Pacific together
with GEOS-Chem simulation, Heald et al. (2006) showed
that transport from Asia led to a seasonal mean increase
of surface-layer sulfate concentration of 0.16 µg m−3 (with
50 % uncertainty) in the northwestern United States in spring
of 2001. Chin et al. (2007) predicted an enhancement of sim-
ilar magnitude in surface-layer sulfate aerosol in the west-
ern United States in 2001 by long-range aerosol transport;
the annual mean contribution to sulfate concentration was
estimated to be 0.1–0.2 µg m−3 using the global model GO-
CART. Yu et al. (2008) performed a satellite-based assess-
ment of transpacific transport of anthropogenic and biomass
burning aerosols based on 2002–2005 aerosol optical depths
from the Moderate Resolution Imaging Spectroradiometer
(MODIS). They estimated that about 25 % of aerosol mass
exported from East Asia to the northwestern Pacific Ocean
can reach the west coast of North America. Two studies ex-
amined aerosol transport from Europe and South Asia to
China. Chin et al. (2007) estimated that European emissions
can increase the surface ammonium sulfate concentrations
over eastern Asia by 0.2–0.5 µg m−3. Using the GEOS-Chem
model, Zhang et al. (2010b) estimated that organic carbon
aerosol from South Asia contributed 50–70 % of organic car-
bon (OC) mass over southern China and 20–50 % of OC over
the western North Pacific in the middle troposphere in sum-
mer of 1998.
We present here a study to estimate the following: (1) the
changes of aerosol levels in China over the years 2000–2050
as a result of projected changes in emissions and climate,
(2) the changes of transboundary fluxes of aerosols into or
out of China over this time period. This study builds on two
previous ones. Liao et al. (2007) used the Goddard Institute
for Space Studies (GISS) general circulation model (GCM)
3 to drive GEOS-Chem to simulate climatological present-
day aerosol levels in the United States, and Pye et al. (2009)
investigated the effects of projected climate and emissions
changes on 2000–2050 sulfate–nitrate–ammonium aerosols
in the United States using the same GISS Model 3/GEOS-
Chem combination. As a basis for the present study, the IPCC
emission scenario A1B (Nakicenovic and Swart, 2000) is
adopted; this scenario represents a future world with rapid
economic growth and introduction of new and more energy-
efficient technologies. GISS Model 3 global meteorological
fields are used to drive the atmospheric chemical transport
model GEOS-Chem for both present day (1996–2005) and
years 2046–2055. Effects of climate change alone, emission
changes alone, and both climate and emissions changes to-
gether on aerosol levels and transboundary fluxes are simu-
lated. The models in the present study have a relatively coarse
spatial resolution of 4◦ latitude by 5◦ longitude, which are
not expected to capture the characteristically high concentra-
tions of aerosols in China’s major urban areas. Nevertheless,
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the direction of projected changes in aerosol levels should be
correctly predicted.
The methods and model setup used to simulate present-
day and year 2050 aerosols are described in Sect. 2. Section 3
evaluates simulated present-day concentrations of aerosols in
China. Section 4 shows predictions of future aerosol levels
over China due to changes in climate alone, emissions alone,
and combined climate and emissions changes, and Sect. 5 es-
timates future changes in transboundary transport of aerosols
to examine inflow to and outflow from China.
2 Methods
2.1 GEOS-Chem/GISS models
The atmospheric chemical transport model, GEOS-Chem
(v.7-4-11, http://acmg.seas.harvard.edu/geos/), is driven by
the GISS Model 3 meteorological data (Rind et al., 2007).
Both the GISS Model 3 and the GEOS-Chem models have
a horizontal resolution of 4◦ latitude by 5◦ longitude with
23 vertical layers. The interface between GEOS-Chem and
the GISS meteorological fields was described by Wu et
al. (2007) and Pye et al. (2009), and the same meteo-
rology from the work of Wu et al. (2008) is used here.
The GEOS-Chem model includes coupled ozone–NOx–
hydrocarbon (∼ 80 species, ∼ 300 chemical reactions) (Bey
et al., 2001) and aerosol chemistry. Aerosol species simu-
lated in the GEOS-Chem model include sulfate (SO2−4 ) (Park
et al., 2004), nitrate (NO−3 ) (Pye et al., 2009), ammonium
(NH+4 ), primary organic carbon (OC) and black carbon (BC)
(Park et al., 2003), secondary organic aerosol (SOA), sea
salt (Alexander et al., 2005), and mineral dust (Fairlie et
al., 2007). SOA formation considers the oxidation of iso-
prene (Henze and Seinfeld, 2006), monoterpenes and other
reactive volatile organic compounds (ORVOCs) (Liao et al.,
2007), and aromatics (Henze et al., 2008). We focus on future
changes in anthropogenic aerosols in this work; the assess-
ment on mineral dust and sea salt aerosols will be our future
work.
We perform simulations for four cases: (1) year 2000
climate and emissions, (2) 2050 climate and 2000 an-
thropogenic emissions of aerosol precursor and aerosols,
(3) 2000 climate and 2050 anthropogenic emissions of
aerosol precursor and aerosols, and (4) 2050 climate and
emissions. Each case is integrated for 10 yr (driven by 1996–
2005 meteorological fields to represent year 2000 climate or
by 2046–2055 meteorology to represent year 2050 climate)
following 1 yr of model spin-up. All the results presented in
this paper are 10 yr averages. Statistical analysis based on
Student’s two-sample t test is applied to the meteorological
fields and concentrations of the 10 yr simulations.
2.2 Emissions
Present-day and year 2050 assumed anthropogenic emis-
sions of aerosol precursor and aerosols are listed in Ta-
ble 1. Emissions of O3 precursors (including NOx, CO, and
non-methane volatile organic compounds (NMVOCs)) fol-
low those in Wu et al. (2008), and those of NH3 and SO2 are
taken from Pye et al. (2009). The base year for present-day
anthropogenic emissions is 1999 for the United States (Wu et
al., 2008) and 1998 elsewhere (Pye et al., 2009). Year 2050
anthropogenic emissions of ozone precursors, aerosol pre-
cursors, and aerosols from the IPCC A1B scenario were gen-
erated by the Integrated Model to Assess the Greenhouse Ef-
fect (IMAGE) socioeconomic model using prescribed growth
factors for different regions, species, and sources (Streets et
al., 2004). Ammonia emissions have an imposed seasonality
that was determined as a function of temperature for one base
year in this model. In present day, anthropogenic emissions
of NOx, CO, NMVOCs, SO2, NH3, OC, and BC in eastern
China are estimated to account for 12 %, 16 %, 12 %, 20 %,
18 %, 10 %, and 19 %, respectively, of the total global emis-
sions. Relative to the assumed present day, year 2050 anthro-
pogenic emissions of NOx, CO, NMVOCs, SO2, NH3, OC,
and BC in eastern China (20◦–55◦ N, 98◦–125◦ E) are esti-
mated to change by +72 %, −7 %, +86 %, −29 %, −12 %,
−40 %, and −59 %, respectively.
Present-day and year 2050 natural emissions of ozone and
aerosol precursors include NOx from lightning and soil, and
biogenic hydrocarbons (Table 2), which are calculated based
on the GISS Model 3 meteorological parameters. Lightning
NOx emissions are parameterized based on convective cloud-
top height (Price and Rind, 1992; Wang et al., 1998). Soil
NOx emissions are calculated as a function of temperature,
wind speed, and precipitation (Yienger and Levy, 1995).
Representation of biogenic emissions follows the algorithm
of Guenther et al. (1995), which considers light and temper-
ature dependence but does not account for the suppression of
isoprene emissions under elevated ambient CO2 concentra-
tions (Rosenstiel et al., 2003) and climate-induced changes in
land cover. Simulated natural emissions of NOx and biogenic
hydrocarbons in eastern China are estimated to increase, re-
spectively, by +20 % and +22 % over 2000–2050, with the
increases in biogenic emissions resulting mainly from the fu-
ture increases in temperature.
For both radiative forcing in climate simulation and chem-
ical reactions, present-day methane levels in the model are
based on observations and set to 1750 ppb with a 5 % inter-
hemispheric gradient (Wu et al., 2008). The future (2046–
2055) methane level in GEOS-Chem follows the IPCC A1B
scenario and is set to 2400 ppb for simulations in which
changes in anthropogenic emissions are considered (Pye et
al., 2009).
www.atmos-chem-phys.net/13/7937/2013/ Atmos. Chem. Phys., 13, 7937–7960, 2013
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Table 1. Present-day and year 2050 (IPCC A1B scenario) anthropogenic emissions of aerosol precursors and aerosols. The domain of eastern
China is 20◦–55◦ N, 98◦–125◦ E.
Global Eastern China
Species 2000 2050 Change, % 2000 2050 Change, %
NOx (Tg N yr−1)
Aircraft 0.5 0.5 0.0 0.02 0.02 0.0
Anthropogenic 23.7 47.9 +102.0 3.15 6.21 +97.1
Biomass burning 6.5 8.1 +24.6 0.30 0.34 +13.3
Biofuel 2.2 2.1 −4.5 0.53 0.36 −32.1
Fertilizer 0.5 0.9 +80.0 0.06 0.04 −33.3
Total 33.4 59.5 +78.1 4.06 6.97 +71.7
CO (Tg CO yr−1)
Anthropogenic 420.1 413.6 −1.5 104.26 94.04 −9.8
Biomass burning 458.8 749.6 +63.4 21.69 34.46 +58.9
Biofuel 175.6 168.9 −3.8 46.34 31.24 −32.6
Total 1054.5 1332.1 +26.3 172.29 159.74 −7.3
NMVOCs (Tg C yr−1)
Anthropogenic 24.5 42.2 +72.2 2.45 6.52 +166
Biomass burning 3.1 5.1 +64.5 0.14 0.23 +64.3
Biofuel 7.2 6.9 −4.2 1.65 1.12 −32.1
Total 34.8 54.2 +55.7 4.24 7.87 +85.6
SO2 (Tg S yr−1)
Aircraft 0.1 0.1 0.0 < 0.01 < 0.01 0.0
Anthropogenic 66.1 88.7 +34.2 13.83 9.81 −29.1
Biomass burning 1.2 2.0 +66.7 0.06 0.09 +50.0
Biofuel 0.3 0.3 0.0 0.07 0.05 −28.6
Ship 4.2 5.4 +28.6 0.03 0.05 +66.7
Total 71.9 96.5 +34.2 13.99 10.00 −28.5
NH3 (Tg N yr−1)
Anthropogenic 33.3 50.4 +51.4 6.68 5.90 −11.7
Biomass burning 5.9 6.1 +3.4 0.26 0.28 +7.7
Biofuel 1.6 1.7 +6.3 0.32 0.22 −31.3
Total 40.8 58.2 +42.6 7.26 6.40 −11.8
OC (Tg C yr−1)
Anthropogenic 2.5 0.9 −64.0 0.58 0.16 −72.4
Biomass burning 21.6 21.8 +0.9 1.10 1.08 −1.8
Biofuel 6.4 2.7 −57.8 1.31 0.56 −57.3
Total 30.5 25.4 −16.7 2.99 1.80 −39.8
BC (Tg C yr−1)
Anthropogenic 3.1 2.0 −35.5 0.84 0.27 −67.9
Biomass burning 2.6 2.7 +3.8 0.13 0.13 0.0
Biofuel 1.5 0.6 −60.0 0.36 0.15 −58.3
Total 7.2 5.3 −26.4 1.33 0.55 −58.6
Atmos. Chem. Phys., 13, 7937–7960, 2013 www.atmos-chem-phys.net/13/7937/2013/
H. Jiang et al.: Projected effect of 2000–2050 changes in climate and emissions on aerosol levels 7941
Table 2. Simulated changes in natural emissions due to predicted climate change (IPCC A1B scenario). The domain of eastern China is
20◦–55◦ N, 98◦–125◦ E.
Global Eastern China
Species 2000 2050 Change, % 2000 2050 Change, %
NOx (Tg N yr−1)
Lightning 4.8 5.7 +18.8 0.28 0.37 +32.1
Soil 6.7 7.3 +9.0 0.36 0.40 +11.1
Total 11.5 13.0 +13.0 0.64 0.77 +20.3
Biogenic hydrocarbons (Tg C yr−1)
Isoprene 432.4 533.2 +23.3 19.31 23.90 +23.8
Monoterpenes 120.9 144.4 +19.4 6.26 7.38 +17.9
Acetone 43.4 50.4 +16.1 1.28 1.54 +20.3
Propene 12.4 15.2 +22.6 0.55 0.68 +23.6
Methyl Butenol 5.4 6.8 +25.9 1.03 1.30 +26.2
Total 614.5 750.0 +22.1 28.43 34.80 +22.4
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Projected changes in surface air temperature (K) in China from the 
present day (1996-2005) to future (2046-2055) under the IPCC A1B scenario. 
Projected changes are all statistically significant at the 95% level, as 
determined by the student’s two sample t-test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Projected changes in surface air temperature (K) in China from the present day (1996–2005) to future (2046–2055) under the IPCC
A1B scenario. Projected changes are all statistically significant at the 95 % level, as determined by Student’s two-sample t test.
2.3 Projected climate change in China over 2000–2050
Present-day meteorological conditions from the NASA GISS
Model 3 were simulated with greenhouse gas levels cor-
responding to years 1996–2005. Year 2046–2055 climate
was obtained from a simulation in which CO2 and other
greenhouse gases follow the IPCC A1B scenario. The GISS
Model 3 was coupled with a “Q-flux” ocean as described
in Wu et al. (2008). Note that the direct and indirect ef-
fects of aerosols were not considered in the simulation of
2000–2050 climate change. We have compared the GISS
Model 3 predictions of present-day (1996–2005) tempera-
ture, wind, and precipitation with assimilated meteorologi-
cal parameters for 1996–2005 from the Goddard Earth Ob-
serving System (GEOS)-4 of the NASA Global Modeling
and Assimilation Office (GMAO) (http://acmg.seas.harvard.
edu/geos/geos sim.html). The GISS model captures fairly
well the pattern and magnitude of surface air temperatures
and zonal winds in China (see Supplement). Both the sim-
ulated and assimilated surface air temperatures show higher
www.atmos-chem-phys.net/13/7937/2013/ Atmos. Chem. Phys., 13, 7937–7960, 2013
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Fig. 2.  (a) Simulated precipitation (mm day-1) in China in present day; (b) 
Projected changes in precipitation (mm day-1) in China from the present day 
(1996-2005) to future (2046-2055) under the IPCC A1B scenario; (c) The 
percentage changes in precipitation relative to present day. The dotted areas 
in (c) are statistically significant at the 95% level, as determined by the 
student’s two sample t-test. 
 
 
 
 
 
 
 
Fig. 2. (a) Simulated precipitation (mm day−1) in China in present day; (b) projected changes in precipitation (mm day−1) in China from the
present day (1996–2005) to future (2046–2055) under the IPCC A1B scenario; (c) the percentage changes in precipitation relative to present
day. The dotted areas in (c) are statistically significant at the 95 % level, as determined by Student’s two-sample t test.
temperatures in southern China than in northern China and
also higher temperatures in eastern China than in western
China. The maximum temperatures in southeastern China
are simulated to be 280–290 K in DJF, 290–300 K in MAM,
300–310 K in JJA, and 290–300 K in SON, which agree
with the assimilated values in all seasons except that the as-
similated maximum temperatures in southeastern China are
lower than 305 K in JJA. Simulated zonal winds averaged
over 100◦–120◦ E longitudes show maximum wind speeds
of the jet stream located at 200 hPa altitude of 60, 40, 20, and
30 m s−1 in DJF, MAM, JJA, and SON, respectively, which
agree closely with the assimilated values. The present-day
precipitation simulated by the GISS model shows larger val-
ues in MAM and JJA than in DJF and SON, which agree
with the assimilated precipitation, but the model overesti-
mates precipitation in the middle and lower reaches of the
Yangtze River in MAM whereas underestimates precipitation
in that region in JJA.
Figure 1 shows the projected changes in surface air tem-
perature in China from present day to year 2050 by long-
lived greenhouse gases under the IPCC A1B scenario. Over
the period 2000–2050, surface air temperatures in December-
January-February (DJF) are estimated to have large in-
creases, with values of 1.5–3 K in most places of China and
the strongest warming of 3–4 K over the Tibetan Plateau and
northeastern China. In other seasons, surface air tempera-
tures are estimated to increase by 1–3 K over a large frac-
tion of China. Warming under scenario A1B is generally
Atmos. Chem. Phys., 13, 7937–7960, 2013 www.atmos-chem-phys.net/13/7937/2013/
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Fig. 3.  (a) Simulated cloud fraction (true fraction, 1.0= total overcast cloud) in 
China in present day; (b) Projected changes in cloud fraction in China from the 
present day (1996-2005) to future (2046-2055) under the IPCC A1B scenario. 
The dotted areas in (b) are statistically significant at the 95% level, as 
determined by the student’s two sample t-test. 
 
 
 
 
 
 
 
Fig. 3. (a) Simulated cloud fraction (true fraction, 1.0= total overcast cloud) in China in present day and (b) projected changes in cloud
fraction in China from the present day (1996–2005) to future (2046–2055) under the IPCC A1B scenario. The dotted areas in (b) are
statistically significant at the 95 % level, as determined by Student’s two-sample t test.
predicted to be more pronounced than under scenario B1 and
less pronounced than under A2 (IPCC, 2007).
Projected changes in precipitation in China from present
day to year 2050 are shown in Fig. 2. Relative to present
day, year 2050 precipitation in DJF is estimated to increase
by 50–80 % in northern China and decrease by about 20 %
in southern China; note that the present-day precipitation in
DJF is the smallest among all seasons. In March-April-May
(MAM), year 2050 precipitation is estimated to increase
by 20–40 % in southern China where the present-day sea-
sonal precipitation is greatest. Precipitation is predicted to in-
crease generally in eastern China in June-July-August (JJA)
and September-October-November (SON). Note that the pro-
jected patterns of precipitation changes (the increases in pre-
cipitation in northern China in DJF and the increases in pre-
cipitation in eastern China in JJA) from the GISS Model 3
www.atmos-chem-phys.net/13/7937/2013/ Atmos. Chem. Phys., 13, 7937–7960, 2013
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Fig. 4.  (a) Simulated planetary boundary layer (PBL) depth (km) in China in 
present day; (b) Projected changes in PBL depth (km) in China from the 
present day (1996-2005) to future (2046-2055) under the IPCC A1B scenario; 
(c) The percentage changes in PBL depth relative to present day. The dotted 
areas in (c) are statistically significant at the 95% level, as determined by the 
student’s two sample t-test. 
 
 
 
 
 
 
 
Fig. 4. (a) Simulated planetary boundary layer (PBL) depth (km) in China in present day; (b) projected changes in PBL depth (km) in China
from the present day (1996–2005) to future (2046–2055) under the IPCC A1B scenario; (c) the percentage changes in PBL depth relative to
present day. The dotted areas in (c) are statistically significant at the 95 % level, as determined by Student’s two-sample t test.
generally agree with those from the IPCC AR4 multi-model
predictions for China under the A1B scenario (IPCC, 2007).
Projected changes in cloud fraction in China from present
day to year 2050 are shown in Fig. 3. Changes in cloud frac-
tion correspond well with the changes in precipitation; de-
creases (or increases) in clouds are associated with the de-
creases (or increases) in precipitation (Fig. 2).
The projected changes in the planetary boundary layer
(PBL) depth in China between present day and 2050 are
shown in Fig. 4. In a warmer 2050, the PBL depths over
the heavily populated eastern China are predicted to decrease
generally in MAM and SON (see also Supplement). Reduc-
tions in PBL depth are also predicted in northern China in
DJF and JJA. Simulated changes in the seasonal mean PBL
depth in China are in the range of ±10 %. The changes in
PBL depth result from the simulated changes in atmospheric
temperature (or atmospheric stability); a more unstable at-
mosphere leads to higher PBL depths.
3 Simulated present-day aerosols
3.1 Model results
Figure 5 shows simulated 1996–2005 seasonal mean concen-
trations of SO2−4 , NO
−
3 , NH
+
4 , BC, OC, and PM2.5 (sum of
SO2−4 , NO
−
3 , NH
+
4 , BC, and OC) in China. Sulfate exhibits
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Fig. 5. Simulated present-day seasonal mean surface-layer concentrations (µg m−3) of SO2−4 , NO−3 , NH+4 , BC, OC, and PM2.5 in China.
maximum concentrations of 7–9 µg m−3 in JJA and of 5–
7 µg m−3 in DJF, MAM, and SON in eastern China. Although
strong photochemistry facilitates maximum sulfate forma-
tion in JJA, prevalent precipitation in southern China in JJA
(Fig. 2) leads to enhanced wet removal of sulfate in that re-
gion. Simulated concentrations of NO−3 are generally higher
than those of SO2−4 in eastern China, which is likely caused
by the overestimate of NH3 emissions (Wang et al., 2013b).
The highest NO−3 concentrations of 9–12 µg m−3 are simu-
lated in DJF because of the relatively low temperatures and
precipitation. In contrast, high temperatures and large rainfall
in JJA lead to the lowest NO−3 concentrations. Because of the
excess amount of NH3 in eastern China (Wang et al., 2013b),
ammonium aerosol exists predominantly as ammonium sul-
fate or ammonium nitrate; its concentrations are simulated
to be in the range of 3–7 µg m−3 in eastern China in all sea-
sons. Predicted BC and OC concentrations are high in DJF
and SON and low in MAM and JJA, owing to the seasonal
variation of precipitation (Fig. 2). Simulated PM2.5 concen-
trations show the highest values of 18–32 µg m−3 in DJF and
of 18–28 µg m−3 in JJA. In the surface layer, NO−3 is pre-
dicted to have been the most abundant aerosol species over
eastern China in 1996–2005, followed by SO2−4 , NH
+
4 , OC,
and BC.
3.2 Comparisons of simulated concentrations with
measurements
Three previous studies have compared the simulated aerosol
concentrations in GEOS-Chem with measurements taken
www.atmos-chem-phys.net/13/7937/2013/ Atmos. Chem. Phys., 13, 7937–7960, 2013
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Fig. 6. Comparisons of simulated present-day concentrations of sulfate, nitrate, 
BC, and OC aerosols with measurements. Simulated values are seasonal 
averages over 1996-2005. Also shown is the 1:1 line (dashed) and linear fit 
(solid line and equation). R is the correlation coefficient between simulated and 
measured concentrations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Comparisons of simulated present-day concentrations of sulfate, nitrate, BC, and OC aerosols with measurements. Simulated values
are seasonal averages over 1996–2005. Also shown is the 1 : 1 line (dashed) and linear fit (solid line and equation). R is the correlation
coefficient between simulated and measured concentrations.
during 2001–2009 in China (Zhang et al., 2010a; Wang et
al., 2013b; Fu et al., 2012). At a horizontal resolution of
4◦ latitude by 5◦ longitude, Zhang et al. (2010a) found that
GEOS-Chem tends to underestimate PM2.5 aerosol concen-
trations in China, because measurements are usually taken
in urban areas, whereas the simulated values represent grid
cell averages. By using the one-way nested-grid capability of
GEOS-Chem with a horizontal resolution of 0.5◦ latitude by
0.6674◦ longitude driven by the assimilated meteorological
fields, Wang et al. (2013b) found that simulated concentra-
tions of sulfate, nitrate, and ammonium at 22 sites in East
Asia exhibited annual biases of −10 %, +31 %, and +35 %,
respectively, and Fu et al. (2012) reported that the simulated
annual mean concentrations of BC and OC averaged over ru-
ral and background sites were underestimated by 56 % and
76 %, respectively. Underestimation of BC in China was also
found in all AEROCOM models (Koch et al., 2009), suggest-
ing that emissions of carbonaceous aerosols are currently un-
derestimated in China.
No publicly accessible in situ measurement network of
aerosols in China exists (Chan and Yao, 2008). Therefore,
we have compiled for model evaluation the monthly or sea-
sonal mean measured concentrations of each aerosol species
based on measurements reported in the literature. Most ob-
servations were conducted between 2001 and 2009 at ur-
ban sites (such as Beijing, Shanghai, and Guangzhou) and
at a few rural sites (such as Fenghuangshan, Gaolanshan,
and Lin’an). See the Supplement for the locations of mea-
surements. Scatterplots of simulated versus observed sea-
sonal mean sulfate, nitrate, BC, and OC concentrations are
displayed in Fig. 6. As anticipated, aerosol concentrations
are generally underpredicted; the simulated concentrations of
sulfate, nitrate, BC, and OC are about 38 %, 68 %, 29 %, and
19 % of the measured values, respectively. One notes the es-
pecially low levels of BC and OC simulated, as compared
with measurements, indicating the inadequacy of current
emission inventories for these species. Comparisons of sim-
ulated versus observed concentrations of all aerosol species
show relatively high correlation coefficients, with values of
R2 ranging from 0.77 to 0.83. These relatively high R2 val-
ues indicate that the model captures the spatial distributions
and seasonal variations of each aerosol species despite the
general low bias in simulated concentrations. Again, one
should bear in mind that predicted concentrations in this
study have been averaged over 4◦× 5◦ grid cells.
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Fig. 7. Predicted changes in surface-layer concentrations of aerosols (g m-3) 
due to changes in climate alone from the present day (1996–2005) to the 
future (2046–2055). Greenhouse gases follow the IPCC scenario A1B. 
Anthropogenic emissions are held at present-day values, but natural 
emissions may change in response to climate. The dotted areas are 
statistically significant at the 95% level, as determined by the student’s two 
sample t-test. 
 
 
 
 
 
Fig. 7. Predicted changes in surface-layer concentrations of aerosols (µg m−3) due to changes in climate alone from the present day (1996–
2005) to the future (2046–2055). Greenhouse gases follow the IPCC scenario A1B. Anthropogenic emissions are held at present-day values,
but natural emissions may change in response to climate. The dotted areas are statistically significant at the 95 % level, as determined by
Student’s two-sample t test.
4 Predicted 2000–2050 changes in surface-layer
aerosols in China
4.1 Effect of changes in climate alone
Figure 7 shows the predicted future changes in seasonal mean
surface-layer aerosol concentrations as a result of the future
changes in climate alone. Simulated changes in concentra-
tions of the aerosol species are within the range of −1.5 to
+0.8 µg m−3 and exhibit similar spatial patterns in each of
the four seasons. Climate-induced changes in concentrations
of SO2−4 , BC, and OC correspond well with the changes in
precipitation in all seasons (Fig. 2), with increases (or de-
creases) in aerosol concentrations over places with decreases
(or increases) in precipitation. Predicted reductions in nitrate
and ammonium aerosol concentrations also result from the
increases in temperature over 2000–2050, which lead to the
shift of gas–aerosol equilibrium toward the gas phase.
As a result of the changes in individual aerosol species,
PM2.5 concentrations in DJF are predicted to exhibit
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Fig. 8. Predicted changes in surface-layer concentrations of aerosols (g m-3) 
due to changes in anthropogenic emissions alone from the present day (1996–
2005) to the future (2046–2055). Almost all the changes over China are 
statistically significant at the 95% level, as determined by the student’s two 
sample t-test. 
 
 
 
 
 
 
 
Fig. 8. Predicted changes in surface-layer concentrations of aerosols (µg m−3) due to changes in anthropogenic emissions alone from the
present day (1996–2005) to the future (2046–2055). Almost all the changes over China are statistically significant at the 95 % level, as
determined by Student’s two-sample t test.
increases of 1–2.5 µg m−3 along east and southeast coasts
of China but decreases of 1.5–2.5 µg m−3 in central China.
Increases in PM2.5 are predicted over a large fraction of east-
ern China in MAM, with maximum increases in the range
of 1–2.5 µg m−3. PM2.5 in eastern China shows general de-
creases of 0.5–1.5 µg m−3 in JJA and of 1.5–2.5 µg m−3 in
SON. These estimated climate-induced changes in PM2.5
concentrations over 2000–2050 represent about 10–20 % of
the present-day values in those regions.
Our simulated climate-induced changes in aerosol concen-
trations are comparable in magnitude with those reported in
other studies for other regions. Based on the IPCC A1B sce-
nario, Tagaris et al. (2007) found a 10 % decrease in PM2.5
throughout the United States and Pye et al. (2009) reported
changes in annually averaged sulfate–nitrate–ammonium of
up to 0.61 µg m−3 in the United States, as a result of 2000–
2050 climate change alone. Under the IPCC A2 scenario,
climate change over 2000–2050 alone was found to reduce
PM2.5 concentrations in the United States by−0.9 µg m−3 in
the study of Avise et al. (2009). Juda-Rezler et al. (2012)
reported that from 1991–2000 to 2091–2100 PM10 values
over Central–Eastern Europe generally decrease, by up to
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Fig. 9. Predicted changes in surface-layer concentrations of aerosols (g m-3) 
due to changes in both climate and anthropogenic emissions from the present 
day (1996–2005) to the future (2046–2055). Almost all the changes over China 
are statistically significant at the 95% level, as determined by the student’s two 
sample t-test. 
 
 
 
 
Fig. 9. Predicted changes in surface-layer concentrations of aerosols (µg m−3) due to changes in both climate and anthropogenic emissions
from the present day (1996–2005) to the future (2046–2055). Almost all the changes over China are statistically significant at the 95 % level,
as determined by Student’s two-sample t test.
1.5 µg m−3 in large-scale simulations and up to 3.5 µg m−3
in fine-scale simulations under the IPCC A1B scenario.
4.2 Effect of changes in anthropogenic emissions
alone
In the IPCC A1B scenario, year 2050 annual anthropogenic
emissions of SO2, BC, and OC in eastern China are predicted
to decrease by 29 %, 59 %, and 40 %, respectively, relative to
the present-day values. Future concentrations of sulfate, BC,
and OC in China are hence predicted to decrease (Fig. 8).
The predicted reductions in sulfate aerosol in eastern China
lie within the range of 0.5–3.5 µg m−3 throughout the year.
Although the simulated present-day concentrations of BC
and OC are lower than those of sulfate, the decreases in BC
and OC are 0.5–2 µg m−3 and 0.5–3.5 µg m−3, respectively,
in eastern China.
Unlike sulfate, BC, and OC, based on changes in emis-
sions alone, nitrate concentrations are predicted to increase
in the future due to changing anthropogenic emissions, with
the largest increases of 1–2 µg m−3 in DJF, 3.5–4.5 µg m−3
in JJA, and 2–3.5 µg m−3 in MAM and SON in eastern
China. These increases can be explained by the assumed
72 % increase in annual anthropogenic NOx emission over
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2000–2050 (Table 1) as well as the fact that the future reduc-
tions in SO2 favor the formation of ammonium nitrate. As
a result, ammonium concentrations show increases of about
0.5 µg m−3 over those locations with large increases in ni-
trate.
The net effect of the changes in all aerosol species owing
to changes in emissions alone is an overall decrease in PM2.5
concentrations in China except for the Tibet Plateau. Over
eastern China, the projected largest decreases in PM2.5 as a
result of the future changes in emissions are 7.5–8 µg m−3
(or 20–40 % relative to the present-day values) in DJF, 1–
5 µg m−3 (or 10–30 %) in MAM and SON, and 1–3 µg m−3
(or 10–40 %) in JJA. As noted, the increase in PM2.5 over or
near the Tibet Plateau is caused by long-range transport from
South Asia.
4.3 Effect of changes in both climate and
anthropogenic emissions
Predicted future changes in aerosols as a consequence of fu-
ture changes in both climate and anthropogenic emissions
are summarized in Fig. 9. Concentrations of sulfate, BC, and
OC in China are predicted to decrease in all seasons under
future changes in both climate and anthropogenic emissions,
although climate change can, to some extent, offset the effect
of reductions in anthropogenic emissions on these species
(Fig. 7). In eastern China, concentrations of sulfate are pre-
dicted to decrease 0.5–3.5 µg m−3 in SON and 0.5–2 µg m−3
in other seasons, while those of BC and OC to decrease by
0.5–2 µg m−3 and 0.5–3.5 µg m−3, respectively, in all sea-
sons.
For nitrate aerosol in eastern China, while climate change
exerts an effect opposite to that of changes in anthropogenic
emissions in DJF, JJA, and SON, the effect of climate change
enhances the changes due to emissions in MAM (Fig. 7). As
a result of changes in both climate and anthropogenic emis-
sions, concentrations of nitrate in eastern China are predicted
to exhibit reductions of 0.5–1 µg m−3 in DJF and increases of
0.5–4.5 µg m−3 in other seasons.
The simulated 2000–2050 changes in PM2.5 are dominated
by future changes in emissions; concentrations of PM2.5 in
eastern China are simulated to decrease by 3–7.5 µg m−3
(or 10–30 % relative to the present-day values) in DJF, 1–
5 µg m−3 (or 30–40 %) in JJA, and 3–7.5 µg m−3 (or 20–
40 %) in SON. In MAM, climate change has a dominant
role in influencing the future changes in aerosols in the lower
reaches of Yangtze River, where increases of up to 1 µg m−3
in PM2.5 are simulated.
With reductions in SO2, BC, and OC in eastern China over
2000–2050 by 28.5 %, 58.6 %, and 39.8 % (Table 1), respec-
tively, annual mean concentrations of sulfate, BC, and OC
over eastern China are simulated to be reduced, respectively,
by 19.2 %, 56.4 %, and 35.9 % with future changes in emis-
sions alone whereas by 18.5 %, 56.6 %, and 36.5 % with fu-
ture changes in both climate and emissions. These results
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Fig. 10. The locations of the 3 vertical planes through which fluxes
of transboundary aerosols are calculated: the meridional plane along
135◦ E from 20◦ to 55◦ N to show th outflow from eastern China
to the West Pacific; the meridional plane along 75◦ E from 35◦ to
55◦ N to show the inflow from Europe and Central Asia to China;
and the latitudinal plane along 21.7◦ N from 90◦ to 125◦ E to show
the transport to or from South Asia and Southeast Asia.
indicate that changes in concentrations of these aerosols are
strongly driven by the changes in emissions.
5 Simulated 2000–2050 changes in transboundary
transport of aerosols
We next estimate 2000–2050 changes in aerosol fluxes into
and out of China. These fluxes of aerosols are calculated
through 3 vertical planes from the surface to 100 hPa altitude
(Fig. 10): (1) the meridional plane along 135◦ E from 20◦
to 55◦ N that captures the outflow from eastern China to the
western Pacific, (2) the meridional plane along 75◦ E from
35◦ to 55◦ N that captures the inflow from Europe and Cen-
tral Asia to China, and (3) the latitudinal plane along 21.7◦ N
from 90◦ to 125◦ E to capture the transport to or from South
Asia and Southeast Asia. The transboundary fluxes are cal-
culated within the model at every time step, and the seasonal
and annual values are presented here.
5.1 Outflow of aerosols from eastern China
5.1.1 Estimated present-day outflow
Simulated present-day seasonal and annual total fluxes of
SO2−4 , NO
−
3 , NH
+
4 , BC, OC, and PM2.5 across the meridional
plane along 135◦ E from 20◦ to 55◦ N are listed in Table 3.
Among all aerosol species, the estimated present-day out-
flow of SO2−4 of 5.2 Tg yr−1 across this plane is the largest,
contributing 48 % of the annual outflow of PM2.5. The esti-
mated fluxes of NO−3 , NH
+
4 , BC, and OC account for 19 %,
15 %, 5 %, and 13 % of annual outflow of PM2.5, respec-
tively. Aerosol fluxes show strong seasonal variations. The
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Fig. 11. (a) Simulated present-day mass fluxes of PM2.5 and zonal winds. 
Projected changes in mass fluxes of PM2.5 and zonal winds from the present 
day (1996-2005) to future (2046-2055) owing to (b) climate change alone, (c) 
changes in anthropogenic emissions alone, and (d) changes in both climate 
and anthropogenic emissions. Mass fluxes of PM2.5 are shown by shades 
(Units: Tg) and winds are represented by contours (Units: m s-1). Both mass 
fluxes and winds are those through the meridional plane along 135E from 20 
to 55N. The dotted areas are statistically significant at the 95% level, as 
determined by the student’s two sample t-test. 
 
 
 
Fig. 11. (a) Simulated present-day mass fluxes of PM2.5 and zonal winds. Projected changes in mass fluxes of PM2.5 and zonal winds from
the present day (1996–2005) to future (2046–2055) owing to (b) climate change alone, (c) changes in anthropogenic emissions alone, and
(d) changes in both climate and anthropogenic emissions. Mass fluxes of PM2.5 are shown by shades (units: Tg), and winds are represented
by contours (units: m s−1). Both mass fluxes and winds are those through the meridional plane along 135◦ E from 20◦ to 55◦ N. The dotted
areas are statistically significant at the 95 % level, as determined by Student’s two-sample t test.
outflow of SO2−4 is simulated to peak in DJF, which results
from the simulated high concentrations of sulfate (Fig. 5)
and the strong we terlies (F g. 11) in that season. All other
aerosol species exhibit maximum outflow in MAM, a re-
sult that agrees with the conclusions from previous stud-
ies (Holzer et al., 2005). Heald et al. (2006) and Chin et
al. (2007) reported that the export from Asia is most effi-
cient in spring with nearly all East Asian air involved in
transpacific transport. The outflow of aerosols is generally
the weakest in JJA, as reported by Holzer et al. (2005) and
Yu et al. (2008).
The pressure–latitude cross sections of the simulated
fluxes of PM2.5 at 135◦ E are shown in Fig. 11. The maxi-
mum fluxes of aerosols are found at 500–700 hPa in DJF and
SON and at 400–600 hPa in MAM and JJA. The locations
of these maximum fluxes shift from 20◦–35◦ N in DJF and
MAM to 30◦–50◦ N in JJA and SON, which are consistent
with the changes in westerlies (Fig. 11). Our simulated ver-
tical distributions of the strongest fluxes of aerosols agree
with those reported by Wang et al. (2009), who showed that
the transport to North America occurs mainly in the mid- to
upper troposphere.
5.1.2 Effect of changes in climate alone
Simulated future changes in seasonal and annual fluxes of
SO2−4 , NO
−
3 , NH
+
4 , BC, OC, and PM2.5 through the merid-
ional plane along 135◦ E are also listed in Table 3. As a re-
sult of the climate change alone, the annual fluxes of SO2−4 ,
NO−3 , NH
+
4 , BC, OC, and PM2.5 are simulated to change by
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Table 3. Simulated outflow of aerosols from eastern China through the meridional plane along 135◦ E from 20◦ to 55◦ N. Numbers in the
parentheses are percentage changes relative to the present-day fluxes. The units are Tg season−1 for seasonal fluxes and Tg yr−1 for annual
fluxes of whole species (e.g., Tg(SO2−4 ) season−1, Tg(SO2−4 ) yr−1).
Outflow from eastern China
Species 2000a (Tg) 2050b (Tg) 2050c (Tg) 2050d (Tg) NonLe
DJF 2.12 1.99 (−6.1 %) 2.07 (−2.4 %) 1.97 (−7.1 %) 1.20
MAM 1.50 1.51 (+0.7 %) 1.59 (+6.0 %) 1.58 (+5.3 %) 1.25
SO2−4 JJA 0.45 0.43 (−4.4 %) 0.35 (−22.2 %) 0.34 (−24.4 %) 1.09
SON 1.12 1.04 (−7.1 %) 0.94 (−16.1 %) 0.87 (−22.3 %) 1.04
Annual 5.19 4.97 (−4.2 %) 4.95 (−4.6 %) 4.76 (−8.3 %) 1.07
DJF 0.52 0.45 (−13.5 %) 0.65 (+25.0 %) 0.50 (−3.8 %) −3.00
MAM 0.86 0.75 (−12.8 %) 0.89 (+3.5 %) 0.77 (−10.5 %) 0.89
NO−3 JJA 0.41 0.34 (−17.1 %) 0.56 (+36.6 %) 0.46 (+12.2 %) 1.60
SON 0.32 0.24 (−25.0 %) 0.53 (+65.6 %) 0.40 (+25.0 %) 1.63
Annual 2.11 1.78 (−15.6 %) 2.63 (+24.6 %) 2.13 (+0.9 %) 9.50
DJF 0.45 0.41 (−8.9 %) 0.48 (+6.7 %) 0.44 (−2.2 %) 1.00
MAM 0.64 0.61 (−4.7 %) 0.70 (+9.4 %) 0.67 (+4.7 %) 1.00
NH+4 JJA 0.29 0.25 (−13.8 %) 0.29 (0.0 %) 0.26 (−10.3 %) 1.33
SON 0.30 0.24 (−20.0 %) 0.35 (+16.7 %) 0.30 (0.0 %) –
Annual 1.68 1.51 (−10.1 %) 1.82 (+8.3 %) 1.67 (−0.6 %) 3.00
DJF 0.17 0.17 (0.0 %) 0.094 (−44.7 %) 0.090 (−47.1 %) 0.95
MAM 0.21 0.21 (0.0 %) 0.15 (−28.6 %) 0.15 (−28.6 %) 1.00
BC JJA 0.066 0.066 (0.0 %) 0.034 (−48.5 %) 0.033 (−50.0 %) 0.97
SON 0.085 0.080 (−5.9 %) 0.044 (−48.2 %) 0.041 (−51.8 %) 1.05
Annual 0.53 0.53 (0.0 %) 0.32 (−39.6 %) 0.31 (−41.5 %) 0.95
DJF 0.37 0.34 (−8.1 %) 0.24 (−35.1 %) 0.22 (−40.5 %) 1.07
MAM 0.64 0.62 (−3.1 %) 0.58 (−9.4 %) 0.57 (−10.9 %) 1.14
OC JJA 0.17 0.17 (0.0 %) 0.12 (−29.4 %) 0.12 (−29.4 %) 1.00
SON 0.16 0.15 (−6.3 %) 0.095 (−40.6 %) 0.086 (−46.3 %) 1.01
Annual 1.34 1.28 (−4.5 %) 1.04 (−22.4 %) 1.00 (−25.4 %) 1.06
DJF 3.63 3.36 (−7.4 %) 3.53 (−2.8 %) 3.22 (−11.3 %) 0.90
MAM 3.85 3.70 (−3.9 %) 3.92 (+1.8 %) 3.73 (−3.1 %) 0.67
PM2.5 JJA 1.38 1.26 (−8.7 %) 1.35 (−2.2 %) 1.22 (−11.6 %) 0.94
SON 1.98 1.76 (−11.1 %) 1.96 (−1.0 %) 1.69 (−14.6 %) 0.83
Annual 10.84 10.08 (−7.0 %) 10.76 (−0.7 %) 9.86 (−9.0 %) 0.86
a Seasonal and annual total fluxes averaged over 1996–2005; b year 2050 fluxes simulated with climate change alone; c year 2050
fluxes simulated with changes in anthropogenic emissions alone; d year 2050 fluxes simulated with changes in both climate and
anthropogenic emissions; e NonL= (2050b−2000a)+(2050c−2000a)
2050d−2000a .
−4.2 %, −15.6 %, −10.1 %, 0.0 %, −4.5 %, and −7.0 %, re-
spectively, relative to the present-day values. Nitrate aerosol
outflow is projected to exhibit the largest reduction, be-
cause nitrate aerosol concentrations in China decrease signif-
icantly in a warmer climate (Fig. 7). The fluxes of all aerosol
species show reductions in all seasons except a small increase
(0.7 %) in flux of SO2−4 in MAM.
5.1.3 Effect of changes in anthropogenic emissions
alone
Annual fluxes of SO2−4 , NO
−
3 , NH
+
4 , BC, OC, and PM2.5 are
simulated to change by−4.6 %,+24.6 %,+8.3 %,−39.6 %,
−22.4 %, and −0.7 %, respectively (Table 3), as a result of
the changes in anthropogenic emissions alone. While nitrate
and ammonium outflow fluxes exhibit large increases owing
to the projected increases in concentrations in China (Fig. 8),
the fluxes of SO2−4 , BC, and OC decrease, corresponding
to the future decreases in concentrations of these species
(Fig. 8). Consequently, the annual outflow of PM2.5 is esti-
mated to exhibit a modest change of−0.7 % over 2000–2050
as a result of changes in emissions alone.
5.1.4 Effect of changes in both climate and
anthropogenic emissions
Simulated year 2050 outflow fluxes of aerosols through the
meridional plane along 135◦ E from 20◦ to 55◦ N with the
future changes in both anthropogenic emissions and climate
are listed in Table 3. The annual fluxes of SO2−4 , NO
−
3 , NH
+
4 ,
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BC, OC, and PM2.5 are simulated to change by −8.3 %,
+0.9 %, −0.6 %, −41.5 %, −25.4 %, and −9.0 %, respec-
tively. Climate change mitigates the effects of increases in
NOx emissions on annual fluxes of NO−3 and NH
+
4 , but
slightly enhances the effects of reductions in emissions of
SO2, BC, and OC on outflow of SO2−4 , BC, and OC.
With all aerosol species accounted for, the 2000–2050
changes in seasonal and annual outflow fluxes of PM2.5 re-
sulting from future climate alone always exceed those caused
by future changes in emissions alone (Table 3), indicating
that future climate change can be influential in estimates of
future intercontinental transport of aerosols.
It is of interest to examine the rate of nonlinearity of
changes in aerosol fluxes with respect to the changes in cli-
mate and emissions. The last column of Table 3 shows the
rate of nonlinearity defined as NonL= (Change in flux by cli-
mate change alone+ Change in flux by changes in emissions
alone)/Change in flux by changes in both climate and emis-
sions. Values of NonL of seasonal and annual outflow aerosol
fluxes mostly deviate from 1.0 (perfect linearity), with abso-
lute values ranging from 0.67 to 9.5.
5.2 Inflow of aerosols to western China
5.2.1 Present-day inflow
Simulated present-day seasonal and annual fluxes of aerosols
through the meridional plane along 75◦ E from 35◦ to 55◦ N
are listed in Table 4. On an annual basis, the estimated fluxes
of SO2−4 , NO
−
3 , NH
+
4 , BC, and OC are 2.3, 0.6, 0.6, 0.1, and
0.3 Tg, respectively. The annual inflow of PM2.5 is 3.9 Tg,
which is about 35 % of the annual outflow of PM2.5 from
eastern China. The inflow of SO2−4 peaks in DJF, when sim-
ulated SO2−4 concentrations are high in Europe, and in MAM,
when the westerlies are strong (Fig. 12). The fluxes of NH+4 ,
BC, OC, and PM2.5 all peak in MAM because of the domi-
nant effect of strong westerlies in this season. The inflow of
NO−3 is largest in JJA, when simulated NO
−
3 concentrations
are highest in Europe (not shown).
The pressure–latitude cross sections of the simulated
fluxes of PM2.5 at 75◦ E are shown in Fig. 12. The fluxes of
aerosols are the largest north of 40◦ N, which is the principal
predicted transport path from Europe. The strongest inflow
of all aerosol species is located at about 700 hPa altitude.
5.2.2 Effect of changes in climate alone
Relative to the present-day values, the annual fluxes of
SO2−4 , NO
−
3 , NH
+
4 , BC, OC, and PM2.5 through the merid-
ional plane along 75◦ E from 35◦ to 55◦ N are simulated to
change by−0.9 %,−25.4 %,−11.5 %,−7.1 %,−6.7 %, and
−5.9 %, respectively, as a result of the climate change alone.
As expected, the warmer future temperatures contribute to
large reductions of 20–29 % in estimated seasonal mean in-
flow of nitrate. The flux of SO2−4 is simulated to increase by
5.1 % in DJF, as a result of the future stronger westerlies in
DJF (Fig. 12). In MAM, JJA, and SON, the westerlies show
reductions in wind speed around 700 hPa (Fig. 12), leading
to reductions in inflow of all aerosol species (Table 4).
5.2.3 Effect of changes in anthropogenic emissions
alone
The annual fluxes of SO2−4 , NO
−
3 , NH
+
4 , BC, OC, and PM2.5
are simulated to change by +1.7 %, +91.5 %, +39.3 %,
−28.6 %, −23.3 %, and +19.5 %, respectively (Table 4), as
a result of the future changes in anthropogenic emissions
alone. The magnitudes of changes in fluxes of NO−3 , NH
+
4 ,
BC, OC, and PM2.5 by anthropogenic emissions alone are
generally larger than those of changes by climate change
alone on either a seasonal or annual mean basis. As a re-
sult of future changes in emissions, the seasonal fluxes of
NO−3 and NH
+
4 show large increases of 68–146 % and 25–
50 %, respectively, while those of BC and OC show large
decreases of 18–30 % and 12–34 %, respectively, and the in-
flow of PM2.5 is predicted to increase by about 20 % in all
seasons (Table 4).
5.2.4 Effect of changes in both climate and
anthropogenic emissions
Year 2050 inflow fluxes of aerosols through the meridional
plane along 75◦ E calculated with the future changes in both
anthropogenic emissions and climate are listed in Table 4.
The annual fluxes of SO2−4 , NO
−
3 , NH
+
4 , BC, and OC are sim-
ulated to change by +0.9 %, +49.2 %, +27.9 %, −29.3 %,
and −30.0 %, respectively. Climate change mitigates the ef-
fects of increases in NOx emissions on annual fluxes of NO−3
and NH+4 , but enhances the effects of changes in emissions
of BC and OC. As a net result of the changes in inflow of all
aerosol species, the annual inflow of PM2.5 to western China
is projected to increase by 10.5 % over 2000–2050 with fu-
ture changes in both emissions and climate.
5.3 Transport of aerosols to/from southern China
5.3.1 Present-day transport
The simulated present-day seasonal and annual fluxes of
aerosols through the latitudinal plane along 21.7◦ N from
90◦–125◦ E are listed in Table 5. The annual fluxes of SO2−4 ,
NO−3 , NH
+
4 , BC, OC, and PM2.5 are −0.22, −0.15, −0.09,+0.08, +0.63, and +0.26 Tg, respectively, with the posi-
tive (or negative) values indicating northward (or southward)
transport of aerosols. The signs of the aerosol fluxes are de-
termined by the directions of winds and the simulated distri-
butions of aerosols. In DJF and SON, while southward fluxes
of all aerosol species are found in the lower troposphere over
100◦–125◦ E because of the prevailing northerlies over east-
ern China, northward fluxes of aerosols are found through
the depth of the troposphere over 90◦–100◦ E and in the
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Table 4. Simulated inflow of aerosols to western China through the meridional plane along 75◦ E from 35◦ to 55◦ N. Numbers in the
parentheses are percentage changes relative to the present-day fluxes. The units are Tg season−1 for seasonal fluxes and Tg yr−1 for annual
fluxes of whole species (e.g., Tg(SO2−4 ) season−1, Tg(SO2−4 ) yr−1).
Inflow to western China
Species 2000a (Tg) 2050b (Tg) 2050c (Tg) 2050d (Tg) NonLe
DJF 0.78 0.82 (+5.1 %) 0.84 (+7.7 %) 0.84 (+7.7 %) 1.67
MAM 0.71 0.67 (−5.6 %) 0.73 (+2.8 %) 0.70 (−1.4 %) 2.00
SO2−4 JJA 0.27 0.26 (−3.7 %) 0.23 (−14.8 %) 0.24 (−11.1 %) 1.67
SON 0.53 0.52 (−1.1 %) 0.53 (+0.8 %) 0.53 (+0.8 %) −0.50
Annual 2.29 2.27 (−0.9 %) 2.32 (+1.7 %) 2.31 (+0.9 %) 1.00
DJF 0.075 0.053 (−29.3 %) 0.15 (+100.0 %) 0.10 (+33.3 %) 2.12
MAM 0.15 0.11 (−26.7 %) 0.29 (+93.3 %) 0.22 (+46.7 %) 1.43
NO−3 JJA 0.25 0.19 (−24.0 %) 0.42 (+68.0 %) 0.34 (+36.0 %) 1.22
SON 0.11 0.088 (−20.0 %) 0.27 (+145.5 %) 0.22 (+100.0 %) 1.25
Annual 0.59 0.44 (−25.4 %) 1.13 (+91.5 %) 0.88 (+49.2 %) 1.34
DJF 0.12 0.11 (−8.3 %) 0.18 (+50.0 %) 0.17 (+41.7 %) 1.00
MAM 0.18 0.16 (−11.1 %) 0.25 (+38.9 %) 0.23 (+27.8 %) 1.00
NH+4 JJA 0.16 0.14 (−12.5 %) 0.20 (+25.0 %) 0.18 (+12.5 %) 1.00
SON 0.15 0.13 (−13.3 %) 0.22 (+46.7 %) 0.20 (+33.3 %) 1.00
Annual 0.61 0.54 (−11.5 %) 0.85 (+39.3 %) 0.79 (+27.9 %) 1.00
DJF 0.038 0.038 (0.0 %) 0.030 (−21.1 %) 0.030 (−21.1 %) 1.00
MAM 0.045 0.043 (−4.4 %) 0.037 (−17.8 %) 0.034 (−24.4 %) 0.91
BC JJA 0.023 0.022 (−4.3 %) 0.016 (−30.4 %) 0.015 (−34.8 %) 1.00
SON 0.030 0.029 (−3.3 %) 0.021 (−30.0 %) 0.020 (−33.3 %) 1.00
Annual 0.14 0.13 (−7.1 %) 0.10 (−28.6 %) 0.099 (−29.3 %) 1.22
DJF 0.077 0.077 (0.0 %) 0.054 (−29.9 %) 0.054 (−29.9 %) 1.00
MAM 0.11 0.10 (−9.1 %) 0.097 (−11.8 %) 0.090 (−18.2 %) 1.15
OC JJA 0.053 0.046 (−13.2 %) 0.042 (−20.8 %) 0.036 (−32.1 %) 1.06
SON 0.056 0.052 (−7.1 %) 0.037 (−33.9 %) 0.033 (−41.1 %) 1.00
Annual 0.30 0.28 (−6.7 %) 0.23 (−23.3 %) 0.21 (−30.0 %) 1.00
DJF 1.08 1.09 (+0.9 %) 1.25 (+15.7 %) 1.20 (+11.1 %) 1.50
MAM 1.19 1.09 (−8.4 %) 1.41 (+18.5 %) 1.28 (+7.6 %) 1.33
PM2.5 JJA 0.75 0.66 (−12.0 %) 0.91 (+21.3 %) 0.81 (+8.0 %) 1.17
SON 0.87 0.82 (−5.7 %) 1.08 (+24.1 %) 1.01 (+16.1 %) 1.14
Annual 3.89 3.66 (−5.9 %) 4.65 (+19.5 %) 4.30 (+10.5 %) 1.29
a Seasonal and annual total fluxes averaged over 1996–2005; b year 2050 fluxes simulated with climate change alone; c year 2050 fluxes
simulated with changes in anthropogenic emissions alone; d year 2050 fluxes simulated with changes in both climate and anthropogenic
emissions; e NonL= (2050b−2000a)+(2050c−2000a)
2050d−2000a .
upper troposphere over 100◦–125◦ E (Fig. 13). In MAM and
JJA, the southerlies associated with the summer monsoon
generally favor northward transport (Fig. 13). The fluxes of
aerosols across the southern boundary of China are gener-
ally much smaller than those through the eastern and western
boundaries. One exception is that the fluxes of BC and OC to
China in MAM are amplified as a result of the predominant
biomass burning in South Asia in this season (Zhang et al.,
2010b).
5.3.2 Effect of changes in climate alone
As a result of the future climate change alone, the changes
in annual fluxes of aerosol species are generally small ex-
cept that the annual southward flux of NO−3 is simulated to
increase by 26.7 % relative to the present-day value. The per-
centage changes in seasonal fluxes are usually much larger.
In DJF, the northerlies in the lower troposphere east of 100◦ E
are predicted to be stronger and the southerlies west of
100◦ E become weaker (Fig. 13), which lead to increases in
transport of SO2−4 , NO
−
3 , and PM2.5 from China to South
Asia by 33 %, 11 %, and 67 %, respectively. In JJA, the
southerlies associated with the summer monsoon are sim-
ulated to strengthen in the future climate and hence favor
the northward transport of aerosols. The fluxes of all aerosol
species to South Asia show reductions in SON, which can be
explained by the weaker northerlies in the future atmosphere
(Fig. 13).
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Fig. 12. Same as Figure 11 but mass fluxes and winds are those through the 
meridional plane along 75E from 35 to 55N. 
 
 
 
 
 
 
Fig. 12. Same as Fig. 11 but mass fluxes and winds are those through the meridional plane along 75◦ E from 35◦ to 55◦ N.
5.3.3 Effect of changes in anthropogenic emissions
alone
The annual fluxes of SO2−4 and NH
+
4 are simulated to change
from a net southward outflow to a net northward inflow, as a
result of the changes in anthropogenic emissions over 2000–
2050 (Table 5). The annual southward flux of NO−3 increases
by 60 %, and the annual northward fluxes of BC, OC, and
PM2.5 increase by 48 %, 14 %, and 281 %, respectively. The
annual fluxes of SO2−4 and NH
+
4 exhibit large increases in
northward transport because of the large increases in aerosol
concentrations in South Asia and Southeast Asia (Fig. 8), and
the annual inflow of BC and OC also increases because the
reductions in carbonaceous aerosol concentrations in eastern
China are projected to be larger than those in South Asia and
Southeast Asia (Fig. 8). In contrast, the annual flux of NO−3
exhibits southward outflow because of the large increases in
NO−3 levels in eastern China (Fig. 8).
5.3.4 Effect of changes in both climate and
anthropogenic emissions
Simulated fluxes of aerosols through the latitudinal plane
along 21.7◦ N from 90◦ to 125◦ E with the future changes
in both anthropogenic emissions and climate are listed in Ta-
ble 5. The year 2050 annual fluxes of SO2−4 , NH
+
4 , BC, OC,
and PM2.5 are simulated as northward into China, and the
annual flux of NO−3 is southward out of China. The 2000–
2050 changes in fluxes of all aerosol species are dominated
by the contributions from changes in anthropogenic emis-
sions. However, the role of future climate change can exceed
that of future changes in emissions for the fluxes of NO−3 in
DJF, BC in JJA, as well as OC in DJF (Table 5).
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Fig. 13. (a) Simulated present-day mass fluxes of PM2.5 and meridional winds. 
Projected changes in mass fluxes of PM2.5 and meridional winds from the 
present day (1996-2005) to future (2046-2055) owing to (b) climate change 
alone, (c) changes in anthropogenic emissions alone, and (d) changes in both 
climate and anthropogenic emissions. Mass fluxes of PM2.5 are shown by 
shades (Units: Tg) and winds are represented by contours (Units: m s-1). Both 
mass fluxes and winds are those through latitudinal plane along 21.7N from 
90 to 125E. Positive (negative) fluxes indicate northward (southward) 
transport. The dotted areas are statistically significant at the 95% level, as 
determined by the student’s two sample t-test. 
 
Fig. 13. (a) Simulated present-day mass fluxes of PM2.5 and meridional winds. Projected changes in mass fluxes of PM2.5 and meridional
winds from the present day (1996–2005) to future (2046–2055) owing to (b) climate change alone, (c) changes in anthropogenic emissions
alone, and (d) changes in both climate and anthropogenic emissions. Mass fluxes of PM2.5 are shown by shades (units: Tg), and winds
are represented by contours (units: m s−1). Both mass fluxes and winds are those through latitudinal plane along 21.7◦ N from 90◦ to
125◦ E. Positive (negative) fluxes indicate northward (southward) transport. The dotted areas are statistically significant at the 95 % level, as
determined by Student’s two-sample t test.
6 Conclusions
We estimate changes in aerosol levels in China and the trans-
boundary transport of aerosols in and out of China over the
period 2000–2050 by using the global chemical transport
model GEOS-Chem with meteorological input from the gen-
eral circulation model GISS GCM 3 (at 4◦× 5◦ resolution)
and changes in emissions based on the IPCC A1B scenario.
The projected 2000–2050 change in climate alone is esti-
mated to lead to changes in seasonal mean concentrations of
individual aerosol species at 4◦× 5◦ resolution over China
ranging from −1.5 to +0.8 µg m−3. As a result of these
changes in individual aerosol species, future PM2.5 concen-
trations in China are simulated to decrease generally, except
that increases are predicted along east and southeast coasts
of China in DJF and over a large fraction of eastern China
in MAM. The simulated climate-induced changes in PM2.5
concentrations in China are within ±2.5 µg m−3, which rep-
resent about 10–20 % of the present-day concentrations in
those regions.
As a result of the future changes in anthropogenic emis-
sions alone, concentrations of sulfate, BC, and OC are simu-
lated to decrease by 0.5–3.5 µg m−3, 0.5–2 µg m−3, and 0.5–
3.5 µg m−3, respectively, in eastern China. On the contrary,
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Table 5. Simulated transport of aerosols to or from southern China through the latitudinal plane along 21.7◦ N from 90◦ to 125◦ E. Positive
(negative) values indicate northward (southward) transport. Percentage change is listed in the parentheses as the 2050 flux has the same
sign as 2000 flux. The units are Tg season−1 for seasonal fluxes and Tg yr−1 for annual fluxes of whole species (e.g., Tg(SO2−4 ) season−1,
Tg(SO2−4 ) yr−1).
Transport to or from southern China
Species 2000a (Tg) 2050b (Tg) 2050c (Tg) 2050d (Tg) NonLe
DJF −0.11 −0.15 (+33.4 %) −0.0094 (−91.5 %) −0.047 (−57.3 %) 0.96
MAM 0.088 0.11 (+25.0 %) 0.41 (+365.9 %) 0.43 (+388.6 %) 1.01
SO2−4 JJA −0.011 −0.0051 (−53.6 %) 0.023 (–) 0.047 (–) 0.69
SON −0.19 −0.16 (−15.8 %) −0.13 (−31.6 %) −0.11( −42.1 %) 1.13
Annual −0.22 −0.21 (−4.5 %) 0.29 (–) 0.32 (–) 0.96
DJF −0.047 −0.052 (+10.6 %) −0.050 (+6.4 %) −0.059 (+25.5 %) 0.67
MAM 0.10 0.045 (−55.0 %) 0.19 (+90.0 %) 0.045 (−55.0 %) −0.64
NO−3 JJA −0.12 −0.11 (−8.3 %) −0.31 (+158.3 %) −0.29 (+141.7 %) 1.06
SON −0.086 −0.069 (−19.8 %) −0.069 (−19.8 %) −0.050 (−41.9 %) 0.94
Annual −0.15 −0.19 (+26.7 %) −0.24 (+60.0 %) −0.35 (+133.3 %) 0.65
DJF −0.043 −0.054 (+25.6 %) −0.0035 (−91.9 %) −0.017 (−60.5 %) 1.10
MAM 0.066 0.055 (−16.7 %) 0.22 (+233.3 %) 0.18 (+172.7 %) 1.25
NH+4 JJA −0.035 −0.029 (−17.1 %) −0.085 (+142.9 %) −0.070 (+100.0 %) 1.26
SON −0.073 −0.058 (−20.5 %) −0.047 (−35.6 %) −0.039 (−46.6 %) 1.21
Annual −0.085 −0.086 (+1.2 %) 0.085 (–) 0.054 (–) 1.22
DJF −0.00088 −0.0054 (+513.6 %) 0.013 (–) 0.0097 (–) 0.88
MAM 0.095 0.097 (+2.1 %) 0.11 (+15.8 %) 0.11 (+15.8 %) 1.13
BC JJA 0.0029 0.0043 (+48.3 %) 0.0039 (+34.5 %) 0.0050 (+72.4 %) 1.14
SON −0.016 −0.012 (−25.0 %) −0.0033 (−79.4 %) −0.0017 (−89.4 %) 1.17
Annual 0.081 0.084 (+3.7 %) 0.12 (+48.1 %) 0.12 (+48.1 %) 1.08
DJF 0.076 0.057 (−25.0 %) 0.090 (+18.4 %) 0.074 (−2.6 %) 2.50
MAM 0.56 0.56 (0.0 %) 0.63 (+12.5 %) 0.63 (+12.5 %) 1.00
OC JJA 0.017 0.022 (+29.4 %) 0.0083 (−51.2 %) 0.011 (−35.3 %) 0.62
SON −0.020 −0.012 (−40.0 %) −0.0075 (−62.5 %) −0.0046 (−77.0 %) 1.33
Annual 0.63 0.63 (0.0 %) 0.72 (+14.3 %) 0.71 (+12.7 %) 1.13
DJF −0.12 −0.20 (+66.7 %) 0.040 (–) −0.040 (−66.7 %) 1.00
MAM 0.91 0.87 (−4.4 %) 1.57 (+72.5 %) 1.40 (+53.8 %) 1.27
PM2.5 JJA −0.14 −0.12 (−14.3 %) −0.36 (+157.1 %) −0.30 (+114.3 %) 1.25
SON −0.39 −0.31 (−20.5 %) −0.26 (−33.0 %) −0.21 (−46.2 %) 1.17
Annual 0.26 0.24 (−7.7 %) 0.99 (+280.8 %) 0.85 (+226.9 %) 1.20
a Seasonal and annual total fluxes averaged over 1996–2005; b year 2050 fluxes simulated with climate change alone; c year 2050 fluxes simulated
with changes in anthropogenic emissions alone; d year 2050 fluxes simulated with changes in both climate and anthropogenic emissions; e
NonL= (2050b−2000a)+(2050c−2000a)
2050d−2000a .
nitrate concentrations are predicted to increase in eastern
China over 2000–2050, with the largest increases of 1–
2 µg m−3 in DJF, 3.5–4.5 µg m−3 in JJA, and 2–3.5 µg m−3
in MAM and SON. The projected changes in PM2.5 owing to
the changes in emissions alone show decreases in PM2.5 con-
centrations of 1–8 µg m−3 in eastern China over 2000–2050
at a 4◦× 5◦ resolution. Under the IPCC A1B scenario, future
changes in anthropogenic emissions exert a larger effect on
year 2050 PM2.5 concentrations in eastern China than does
projected future climate change.
The estimated year 2050 transboundary fluxes of aerosol
species to and from China are sensitive to future changes in
climate and emissions. The present-day flux of PM2.5 from
eastern China to the western Pacific (through the meridional
plane along 135◦ E from 20◦ to 55◦ N) is simulated to be
10.8 Tg yr−1, and the annual outflow of PM2.5 is estimated
to change by −7.0 %, −0.7 %, and −9.0 %, respectively,
over 2000–2050 owing to future climate change alone, future
changes in emissions alone, and future changes in both cli-
mate emissions. Climate change is predicted to have a larger
impact on future fluxes of aerosols than changes in emis-
sions. While annual fluxes of all aerosol species show reduc-
tions by climate change alone, future increases in outflow of
nitrate and ammonium offset to a large extent the future de-
creases in outflow of sulfate, BC, and OC, leading to a small
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negative change in annual outflow of PM2.5 as a result of
changes in emissions alone.
The present-day inflow of PM2.5 aerosols from Europe and
Central Asia to western China (the fluxes through the merid-
ional plane along 75◦ E from 35◦ to 55◦ N) is calculated to
be 3.9 Tg yr−1. Over 2000–2050, the fluxes of nitrate and
ammonium aerosols are estimated to increase largely as a
result of future changes in emissions, leading to an overall
10.5 % estimated increase in annual inflow of PM2.5 to west-
ern China as a result of future changes in both emissions and
climate.
The present-day net transport of PM2.5 aerosols across the
southern boundary (the latitudinal plane along 21.7◦ N from
90◦ to 125◦ E) is estimated as 0.26 Tg yr−1, in which the
fluxes of sulfate, nitrate, and ammonium are southward out
of China and those of BC and OC are northward into China.
Fluxes of BC and OC to China in MAM contribute to a large
fraction of the annual inflow of PM2.5, as a result of biomass
burning in South Asia in this season. The annual net inflow
of PM2.5 across the southern boundary of China is estimated
to change by −8 %, +281 %, and +227 % over 2000–2050
owing to climate change alone, changes in emissions alone,
and changes in both climate and emissions, respectively.
Results from the present study indicate that climate change
is important for domestic air quality in China as well as long-
range transport of aerosols.
Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/13/
7937/2013/acp-13-7937-2013-supplement.pdf.
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